INTRODUCTION
The sea scallop Placopecten magellanicus fishery of New England, USA, is presented as a management success (e.g. Hart & Rago 2006) . Landings, which had dropped from 17 288 t in 1991 to 5564 t in 1998, have rebounded to an average of 26 129 t (SD = 1489.3 t) from 2003 to 2009, worth >$300 million USD annually (NMFS 2010) . This recovery has been attributed to a combination of effort controls and area management (Hart & Rago 2006) . Sea scallop landings in Canada and the United States have historically been driven by large year classes, which occur in cyclical, irregular, or spasmodic patterns (Caddy 1989) . Sea scallops are highly fecund, gonochoristic broadcast spawners with pelagic larvae; abundances may increase dramatically when conditions favor reproduction and survival (Caddy 1989) . These attributes, coupled with low mortality rates (Merrill & Posgay 1964 ), fast growth rates (summarized in Caddy 1989 and , and limited movement (Posgay 1981 , Stokesbury & Himmelman 1996 , make the scallop's life history well suited to rotational management strategies (Hart & Rago 2006) .
High incidental fishing mortality, totaling 70% (Z = 1.2), was reported for a scallop recruitment event on Georges Bank's Northern Edge in 1970 (Caddy 1971 , 1972 . However, Murawski & Serchuk (1989) observed little evidence of incidental fishing mortality in the mid-Atlantic. Hart & Rago (2006) hypothesize that if incidental fishing mortality is high, there should be a difference in the survival rates of pre-recruit scallops inside compared to outside closed areas; they found no statistical difference and concluded that incidental mortality in sea scallops is relatively low. Myers et al. (2000) suggested that a rotational management strategy has substantial benefits if incidental fishing mortality is high and not well quantified.
In June 2003, we observed an extremely high abundance of small scallops in the mid-Atlantic (Stokesbury et al. 2004) . In July 2004, the Elephant Trunk Closed Area was established to protect this recruitment event (USA Federal Regulations 2004) ; however, less than half of the scallops observed in 2003 were observed in 2004. We examined the magnitude of this loss by comparing the 2003 scallop abundance to subsequent years. In the present study, we consider the possible causes, ramifications on the present scallop resource, and implications for management.
MATERIALS AND METHODS
The United States sea scallop resource in the midAtlantic and on Georges Bank was annually surveyed using video quadrats in a centric systematic sampling design from May to July, 2003 to 2009. Stations were positioned on a 5.6 × 5.6 km (3.0 × 3.0 nautical mile) grid overlying fishing grounds, based on information from commercial fishermen and the Vessel Monitoring System ( Fig. 1 ; Rago et al. 2000 , Stokesbury 2002 , Stokesbury et al. 2004 ). The study area was divided into equal squares, and a sampling unit was taken from the center of each square; the location of the first sampling unit was randomly selected.
Surveys used DeepSea Multi SeaCam 2050 underwater video cameras mounted vertically on a pyramid; although the pyramid supports 3 video cameras, only the camera mounted 700 mm above the sea floor and providing a 0.60 m 2 quadrat was used, as it provides the best sample of small scallops ( Fig. 2 ; Stokesbury et al. 2004) . To account for partially visible scallops observed on the edge of the image, we calculated the quadrat size by adding half the mean shell height of scallops in the area surveyed to each edge of the quadrat (Stokesbury et al. 2004 , NMFS 2010 . No edge correction was made for calculation of sea stars or crabs. Eight DeepSea lights (Multi SeaLight and ML3, DeepSea) provided illumination. The time, depth, number of live and dead scallops, macroinvertebrates, and latitude and longitude were recorded at each station.
After each survey the videotapes were reviewed in the laboratory and a still image of each quadrat was digitized. The field data were verified, and the shell height (mm) of each scallop Placopecten magellanicus was measured in the still image using Image Pro Plus software. In these images scallops were identifiable to a size of 20 mm shell height.
Scallop mean density and variance were estimated using a 2-stage sampling design in which 4 quadrats (elements) are sampled within each station (primary unit). Since there are a constant number of quadrats at every station, the 2-stage mean number of scallops is calculated as: (1) where n is the number of stations and is the mean of the 4 quadrats at Stn i.
The standard error of this 2-stage mean is calculated as:
where . According to Cochran (1977) and Krebs (1989) this simplified version of 2-stage variance is appropriate when the ratio of the sample area to the survey area is small. In this case, 100s of square meters are sampled compared with millions of square meters in the survey areas. All calculations used scallops m -2 . The scallop abundance within a survey area was calculated by multiplying scallop density by the total area surveyed (Stokesbury 2002) .
Annual fishery harvest data were obtained from the NMFS Northeast Fisheries Science Center's 50th Stock Assessment Workshop for sea scallops (NMFS 2010) . Recruits were defined as any scallop with a shell height of < 75 mm (based on shell height frequencies), the scallop's sexual maturity (gonad dry weight > 0.5 g producing >10 million eggs; MacDonald & Thompson 1985 , Langton et al. 1987 , McGarvey et al. 1992 , and the confounding effect of the selectivity of the fishery operating with both 89 mm (3.5') and 102 mm (4.0') rings in the dredge bag between 2003 and 2009. The dredge gear with a 102 mm ring in the 2005 and 2006 scallop fishery showed 50% retention at 100.1 mm shell height (Yochum & DuPaul 2008) . Natural mass mortalities in sea scallop populations may be caused by extremes in the physical environment, such as temperature change, or biological factors, such as predation or the effects of senescence, including parasitism by shell borers and prokaryotic infection (Dickie & Medcof 1963 . Dickie & Medcof (1963) Astropecten americanus occurred at high abundance below 75 m water depth, while Asteria spp. densities were higher in shallower water to the west of the high scallop recruitment area (Hart 2006) . Sea star densities in the area of high scallop recruitment were similar to those in other areas on Georges Bank and in the mid-Atlantic that did not experience a drastic decrease in density (Stokesbury et al. 2004 ).
RESULTS

Scallop
Senescence was not a likely cause of the mortality episode, as these scallops were young, based on their shell heights, and appeared to be in good physical condition. Scallop shells observed in the video survey were clear of fouling organisms such as sponges (Fig. 2) . We observed these scallops swimming vigorously in 2003 and 2004. Food limitation can occur in scallop aggregations, resulting in the scallops spacing themselves out (MacDonald & Bajdik 1992) , and in slower growth rates (Schick et al. 1988 , with little space between individuals (Fig. 2) . We also observed a large scallop recruitment event in the Gulf of Maine with similar high densities, > 50 scallops m -2 in some quadrats, in August 2009 (Stokesbury et al. 2010) . In August 2010, scallop densities were still very high, and the cohort's shell height had increased an average of 10 mm (K. D. E. Stokesbury et al. unpubl. data) , suggesting that natural mortality induced by food limitation had not occurred. The Gulf of Maine and the mid-Atlantic are different systems, but this suggests that densities in the mid-Atlantic were not high enough to induce mortality due to food limitation.
Fishing effort was highly focused in the midAtlantic, as large areas of Georges Bank, containing 48% of the scallop resource, were closed to harvesting. The offshore sea scallop fishing fleet has used the same technique for harvesting since the 1930s (Stevenson 1936 , Bourne 1964 , Caddy 1989 . New England fishing vessels (25 to 30 m) typically deploy 2 New Bedford offshore dredges, each weighing about 1870 kg, with a width of 4.5 m, a series of vertical and horizontal sweep chains preventing large rocks from entering the bag, a 20.3 mm diamond mesh twine top for fish escapement, a 4.5 × 0.8 m bag knit of 89 mm steel rings (increased to 102 mm in 2004), and rubber chaffing gear . The dredges are towed for 10 to 50 min, hauled to the surface, and poured on deck. The catch is sorted, and rocks, small scallops, and unwanted fish are removed by hand and discarded overboard. The remaining scallops are processed at sea; the meat is removed and placed in bags on ice, but the shell and soft tissue are discarded overboard. There is a 7 person limit on each fishing trip, 3 per watch with 1 overlapping. Thus, with the captain or mate in the wheel house, there are usually only 2 to 3 crew members on deck to process the catch. A full dredge can take several hours to clear and process. Further, multiple tows may be poured on deck, allowing the vessel to lay and shuck scallops for 10 to 12 h; this increases productivity and reduces fuel costs.
The disappearance of 10.4 billion scallops was probably caused by incidental fishing mortality. During fishing these small scallops were exposed to warm water and air temperatures for several hours as they were brought to the surface and sorted on deck before being returned to the sea floor. For scallops living in water from 8 to 12°C, the incipient lethal temperature is from 21 to 22°C and the maximum upper lethal temperature is 23.5°C (Dickie 1958 , Dickie & Medcof 1963 . The surface water temperature averaged between 22 and 23°C from July to September 2003 in the mid-Atlantic (NOAA Buoys 44009 and 44014), while air temperatures were frequently ≥30°C. Fishermen confirmed that large numbers of small scallops were piled on deck for several hours before being shoveled overboard as catches were large, the ring size was 89 mm, and sorting for the large scallops was slow. Exposure to high air temperature (> 28°C) for as little as 20 min resulted in 96% mortality of the crab Liocarcinus depurator collected as bycatch in the rapido trawl fishery in the northern Adriatic Sea (Giomi et al. 2008) .
We An earlier closure and a shift of effort to Georges Bank might have been beneficial; it may have reduced the incidental fishing mortality in the mid-Atlantic and avoided a mass natural mortality of scallops, which occurred 1 yr later, between 2004 and 2005, in the Nantucket Lightship Closed Area. In this mass mortality episode, 0.2 × 10 9 scallops perished, equal to approximately 6484 t of harvestable scallop meat (equivalent to $100 million USD ex-vessel). These were large scallops that appeared to suffer the effects of senescence, including parasitism by shell borers and prokaryotic infection, which likely caused the mass mortality .
The recovery of the sea scallop fishery is a management success, as the stock is above the estimated maximum sustainable yield (NMFS 2010). However, had managers been able to respond to timely information, the resource may potentially have been much larger. Large recruitment pulses in marine populations are common and conducive to significant changes in abundance. A historic example is the tilefish Lopholatilus chamaeleonticeps, which suffered a massive die off (>1.5 × 10 9 dead tilefish floating on the surface from the Great South Channel to Delaware Bay) due to an abnormal flood of cold water along the mid-Atlantic continental shelf in 1882. The tilefish was feared extinct, and no samples were collected until 1892, but by 1915 a full fishery was operating, landing 4500 t (Bigelow & Schroeder 2002) . A recent example is the haddock Melanogrammus aeglefinus stock of Georges Bank, which had an extremely large year class in 2003 (3.6 × 10 8 1 yr olds estimated in 2004) and increased stock biomass to 315 975 t by 2007, twice the estimated biomass for sustainable yield (B msy ) (NMFS 2008) . These examples of large recruitment events also suggest that marine populations may not grow at a constant rate, and instantaneous rates or weighted averages of recruitment in population models may inaccurately describe population dynamics. Achieving the full benefit of exceptional recruitment events requires a closer examination of target species ecology, real-time abundance, and size distribution data, and a management system that can respond rapidly. 
